Laser cleaning experiments exhibited a higher cleaning efficiency of the laser cleaning upon application of electrochemical potential on an oxidised iron surface. The objective of this study is to clarify the role of such an electrochemical control on cleaning efficiency. Therefore a study by optical spectrometry at normal incidence in the relevant conditions was performed. From these measurements the optical parameters n and k were deduced. While n is mainly not affected, k changes for a factor of 10 upon application of an electrochemical potential. These results explain the differences in laser cleaning efficiency due to the modified absorption length. 78.20.Ci; 81.65.Cf; 81.65.Mq Corrosion in industry is a problem for all installations. The classical techniques of surface cleaning are based on mechanical or chemical methods. Thus the substrate may be damaged or polluted. Laser cleaning might be an interesting alternative for this purpose. Two methods were studied up to now in this context, laser ablation of the oxide layer at strong fluence (E ≥ 1 J/cm 2 ) [1, 2] and the generation of acoustic waves by laser irradiation at low fluence (E ≤ 0.6 J/cm 2 ) [3, 4] . The later allows to work below the ablation threshold of the substrate. It was shown that the environment (e.g. gas, liquid, ...) plays an important role on the efficiency of the laser cleaning [5] [6] [7] . Furthermore experimental studies [8, 9] have shown that laser cleaning on the oxide layer is more efficient when additionally electrochemical potential of suitable sign and size is applied before or during the cleaning process. The aim of this study, is to understand the role of such an electrochemical control on the laser cleaning of an oxidised surface.
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PACS:
78.20.Ci; 81.65.Cf; 81.65.Mq Corrosion in industry is a problem for all installations. The classical techniques of surface cleaning are based on mechanical or chemical methods. Thus the substrate may be damaged or polluted. Laser cleaning might be an interesting alternative for this purpose. Two methods were studied up to now in this context, laser ablation of the oxide layer at strong fluence (E ≥ 1 J/cm 2 ) [1, 2] and the generation of acoustic waves by laser irradiation at low fluence (E ≤ 0.6 J/cm 2 ) [3, 4] . The later allows to work below the ablation threshold of the substrate. It was shown that the environment (e.g. gas, liquid, ...) plays an important role on the efficiency of the laser cleaning [5] [6] [7] . Furthermore experimental studies [8, 9] have shown that laser cleaning on the oxide layer is more efficient when additionally electrochemical potential of suitable sign and size is applied before or during the cleaning process. The aim of this study, is to understand the role of such an electrochemical control on the laser cleaning of an oxidised surface.
Experimental
The sample preparation in this study started with a pure iron (99.8%) substrates. First the surfaces were polished with 1 µm diamond powder and rinsed in an ultrasonic bath of COLA'99 -5th International Conference on Laser Ablation, July 19-23, 1999 in Göttingen, Germany alcohol and acetone. Then they were placed in an oven at 500
• C and 10 −5 mbar residual pressure during 5 h [10] . After that they were oxidised at 500
• C, for 48 h with an air residual pressure of 10 mbar [11] .
The cleaning has been made in three different conditions, in air for reference, without and with electrochemical control. The irradiation was performed by means of a Nd:YAG laser (λ = 532 nm, τ = 7 ns, FWHM). Each irradiated area received several laser pulses. Pulse energy densities in the 380-700 mJ/cm 2 ranges were used to irradiate the sample. For the experiment with electrochemical control, the samples were placed in an electrochemical cell. The electrolyte used, was a solution of H 3 BO 3 (0.05 M) and Na 2 B 4 O 7 , 10, H 2 O (0.075 M) at pH = 9.2. A cathodic polarisation (V = −1.55 V/Ag/AgCl/KCl sat ) was applied from 1 to 40 minutes.
The optical study has been made by a spectrometer (Polytec) in combination with a microscope. The wavelengths used were between 450-900 nm. Before and after the laser irradiation the samples were characterised by X-ray reflectometry, electron microscopy (SEM), atomic force microscopy (AFM) and laser profilometry.
Results
During oxidation two oxide layers are produced, at the surface Fe 2 O 3 (thickness ≈ 20 nm) and in depth Fe 3 O 4 [11] (thickness ≈ 1000 nm) as X-ray reflectometry, AFM and SEM measurements show. The oxide layer exhibits a quite rough surface: its thickness is inhomogeneous (±100 nm around its mean value), the lateral size of the grains is around 1 µm. Figure 1 shows two surfaces after laser annealing, the first one in air, the second after 40 minutes of electrochemical polarisation. In air, after 10 laser pulses at 570 mJ/cm 2 , the laser profilometry image of the impact crater (Fig. 1a) shows that the oxide layer was not removed and the oxide surface was melted, as show by SEM (Fig. 1b) . Similar results have been found when the laser interaction was performed in borate solution without an electrochemical control. In contrast to this result Fig. 1c shows an irradiated surface after 40 minutes of cathodic polarisation. After 10 laser pulses at 570 mJ/cm 2 , (Fig. 1c) exhibits that the complete oxide layer was removed. The surface in the crater was not melted (Fig. 1d) . Consequently after 40 minutes polarisation, the oxide layer is removed efficiently without any trace of melting.
In order to explain this influence of electrochemical control on the efficiency of oxide layer removal by laser pulses, the optical properties of the oxide layer have been investigated by spectrometry at normal incidence in various environments. Figure 2a represents reflection spectrums of the Fe oxide surface in an electrochemical cell registered before and after 40 minutes of cathodic polarisation. In the inset of Fig. 2a it can be seen that the overall spectral behaviour is only slightly changed. Nevertheless a closer look in the visible range shows that beside a shift to smaller reflectivities an additional periodic behaviour appears. In order to enhance the visibility of this effect the spectrum after cathodic polarisation was normalised on the spectrum before this treatment. Therefore the spectrum in Fig. 2b represents the ratio of the intensity with electrochemical control divided by the intensity without it. Now the periodic behaviour can clearly be seen. Since the periodicity is changing with wavelength it is natural to take an interference effect into consideration. For that purpose a thin film model will be given in the next chapter. The result is already shown in Fig. 2b . Despite the simplicity of the model it shows a fair agreement with the experimental data.
Discussion
The optical properties of the oxide layer changed upon application of potential. The following model quantifies this behaviour. In this model the thin layer of Fe 2 O 3 is neglected, as its contribution to the optical behaviour is small compared to the 1000 nm Fe 3 O 4 layer. Furthermore it is assumed that the layers have homogeneous optical properties throughout their thickness.
Therefore the system is composed of three layers (Fig. 3a) , a substrate of pure iron with a complex refractive index n 3 = n 3 − ik 3 and sufficiently thick to be considered opaque, a oxide layer of Fe 3 O 4 with a complex refractive index n 2 = n 2 − ik 2 and a thickness (h) and a solution of borate with a complex refractive indexñ 1 = n 1 − k 1 , approximate atñ 1 = 1.33 (Fig. 3a) [12] . Consider an incident electromag- netic wave E i = E 0 e iωt , then at normal incidence the reflected electromagnetic wave is
With δ = (4πhn 2 )/λ 0 , α = (4πk 2 )/λ 0 and R 1 the reflectivity at the interface 1/2. Further R 1 = |(n 1 − 1)/(n 1 + 1)| witĥ n 1 =ñ 2 /ñ 1 , R 2 is the reflectivity at the interface 2/3 with R 2 = |(n 2 − 1)/(n 2 + 1)| withn 2 =ñ 3 /ñ 2 and R 3 is the reflectivity at the interface 2/1 with R 3 = |(n 3 − 1)/(n 3 + 1)| whô n 3 =ñ 1 /ñ 2 . At normal incidence the reflected intensity is
So
Let a = R 1 and b
, so the (3) become
As the changes are small once again the intensities were normalised: properties before polarisation data of [13] and [14] were used. These theoretical considerations allow to determine the optical properties (n, k) of the oxide layer after 40 minutes of an electrochemical control as function of the wavelength (Fig. 3b,c) . The real part is not largely modified (10%), but the imaginary part is reduced by a factor 10 leading to an important increase of the optical absorption length. The reason for this huge change of k is not clear at this moment. A possible explanation assumes that diffusion of atomic hydrogen into the oxide takes place, which is known to happen at cathodic polarisation [15] . Despite these missing details, the reason for the differences in the cleaning process are clear now: Before polarisation the laser pulses energy is deposited at the surface layer (Fig. 4a) , and the oxide is melted. After polarisation, the energy is deposited in the volume of the oxide layer (Fig. 4b ) which leads to a complete removal of the oxide. 
Conclusion
This study has shown that laser cleaning is clearly more efficient with electrochemical control. This behaviour is explained by the modified imaginary part of the oxide layer after polarisation.
